Graphene has attracted an immense amount of research interest due to its unique electrical, mechanical, optical, and surface properties. [1] [2] [3] [4] In addition, with its superior fluorescence quenching and adsorption capacity, graphene has been increasingly used for making biosensors, [5] [6] [7] [8] drug delivery vehicles, [9, 10] and imaging agents. [10, 11] To disperse in an aqueous solution, graphene oxide (GO) with surface carboxyl and hydroxyl groups is often prepared.
Graphene has attracted an immense amount of research interest due to its unique electrical, mechanical, optical, and surface properties. [1] [2] [3] [4] In addition, with its superior fluorescence quenching and adsorption capacity, graphene has been increasingly used for making biosensors, [5] [6] [7] [8] drug delivery vehicles, [9, 10] and imaging agents. [10, 11] To disperse in an aqueous solution, graphene oxide (GO) with surface carboxyl and hydroxyl groups is often prepared.
GO is also an excellent quencher for adsorbed fluorophores with quenching efficiency approaching 100%. [12] [13] [14] At the same time, GO selectively adsorbs non-structured and single-stranded DNA (ssDNA), [15, 16] which can subsequently desorb upon forming double-stranded (dsDNA) or well-folded structures. Based on these understandings, many optical sensors have been designed for the detection of metal ions, [12, 17, 18] small molecules, process, the fluorophore-to-GO distance increased from zero to infinity to achieve the maximal fluorescence enhancement. In addition to GO, many other carbon based nanomaterials including carbon nanotubes, [25] [26] [27] [28] [29] mesoporous carbon, [30] carbon nanoparticles [31, 32] and water soluble nano-C60 [33] have also been tested for similar applications.
On the other hand, little is known about DNA length-dependent fluorescence quenching within a few nanometers from the GO surface. Such information is important for rational design of covalently linked probes. Compared to physisorbed probes, covalent sensors are reversible, regenerable, less prone to non-specific probe displacement, and allow continuous monitoring under flow conditions. [34] In addition, studying distance-dependent fluorescence properties are crucial for the fundamental understanding of DNA/GO interaction and its quenching mechanism. Theoretical calculations predicted that quenching by graphene follows a d -4 dependency, where d is the fluorophore-to-graphene distance. [35, 36] This is formally similar to the so-called nanosurface energy transfer (NSET) studied using gold nanoparticles as quencher. [37] [38] [39] [40] Seo and co-workers recently measured the fluorescence intensity of Cy3.5 nearby GO separated by up to 18 base pairs (bp) of DNA, where immobilization was achieved via adsorption of a five-adenine overhang. [41] For a systematic study, we employed eight amino and 6-carboxyfluorescein (FAM)
dual-labeled DNAs with varying FAM positions (see Figure 1D for the DNA sequences). The
DNAs were respectively reacted with GO in the presence of EDC to form covalent amide linkages ( Figure 1A , step 1), such that the FAM and GO were separated by 4 to 70 bp. TEM characterization showed that the GO size ranged from a few hundred nanometers to several Submitted to -3 -micrometers; both single-layered ( Figure 1B ) and multi-layered ( Figure 1C ) sheets were present. With the maximal DNA length being ~24 nm in this study, GO can be treated as a large and flat surface for DNA immobilization. Submitted to -4 -sequence (from 5' to 3') of the eight DNAs used in this study. FAM was denoted as (F) and the internal FAM on a thymine base was denoted as T(F). The amino modifications were on the 3'-end. The number of base pairs separating FAM and amino group was also marked for each DNA.
After the EDC coupling reaction, the GO samples were centrifuged and washed with water to remove the free DNA in the supernatant. The purified GO/DNA complexes were then dispersed and analyzed using steady-state fluorescence spectroscopy. The emission intensities at 520 nm were plotted as a function of the FAM position. As shown in Figure 2B (blue squares), this background fluorescence was close to zero for all eight samples. We found that washing in water was insufficient to completely remove physisorbed DNAs. Therefore, the DNA associated with GO at this moment can be divided into two populations: chemisorbed through the amide bond and physisorbed through hydrophobic interactions. The low background fluorescence indicated that both populations were tightly adsorbed to result in a very short FAM-to-GO distance.
After addition of cDNA, the physisorbed DNAs desorbed upon forming duplexes and the covalently attached ones remained on the surface with their conformation being a rigid rod ( Figure 1A , step 2). Using this method physisorbed DNAs were removed after centrifugation ( Figure 1A, step 3 ). In the end, only dsDNA covalently linked to GO remained and a set of representative spectra are shown in Figure 2A . For quantitative comparison, the 520 nm peak intensities are plotted in Figure 2B (green dots). The overall trend was that the longer the FAM-to-GO distance, the higher the fluorescence intensity, which suggested that GO acted as an energy acceptor to quench FAM in a distance-dependent manner. By comparing the fluorescence before and after adding cDNA, the signal increase ranged from ~4-fold for the Submitted to -5 -tobackground ratio, the final FAM-to-GO distance should be greater than 12 bp. Similar observations have been made using fluorescence microscopy and the reaction steps described in Figure 1A have also been followed by fluorescence anisotropy measurement (see Supporting Information, Figure S1 , S2). With the DNase data, we were able to determine the quenching efficiency
where FC was the fluorescence after cDNA addition and FE was after the further addition of DNase. As shown in Figure 2D , quenching was ~90% for the short DNA chains and was progressively decreased for the longer ones. The 4 and 8 bp samples showed lower quenching efficiency than that for the 12 bp DNA, which was related to the compromised DNase activity as discussed previously. Interestingly, ~50% quenching was still observed even for the 70 bp sample with a FAM-to-GO distance of ~24 nm. In fluorescence energy transfer, the characteristic fluorophore-to-quencher distance for 50% quenching is called the Förster distance. Although energy transfer to GO is unlikely to be through the Förster mechanism, [42] the concept of this characteristic distance still applies. For example, theoretic calculations showed that for graphene,
was the fluorophore-to-GO distance. d0 was estimated to be ~5 nm between a conjugated polymer and GO. [43] In another system, although not explicitly reported, d0 can be estimated to be ~6.8 nm for the FAM/GO pair, since GO can quench 68% fluorescence within 10 nm (see Supporting Information for the estimation). [44, 45] By comparing our results with the literature values, we reasoned that either a portion of the DNA was not aligned vertically with respect to the GO surface or multi-layered GO being better quenchers must be taken into account. [44] Because of this uncertainty, we cannot calculate the characteristic distance for the FAM/GO pair at this moment.
Steady-state fluorescence provided information about the total quenching, which contained both static and dynamic components, where static quenching involved a very short FAM-to-GO distance and possibly ground state complex formation. The dynamic quenching component can be extracted from fluorescence lifetime measurement. Such studies can also provide information about different quenching environments that a fluorophore might be in.
As shown in Figure 3A , a FAM-labeled DNA freely dispersed in solution (no GO) had a single exponential decay with a lifetime of 4.05 ns. After incubating the GO samples with cDNA, the lifetime decay traces were also collected. All these samples decayed faster than the free DNA, confirming the contribution of dynamic quenching caused by GO. It can also be observed that none of the GO samples followed single exponential decay, indicating the presence of different quenching environments.
The lifetime decay traces were fitted using a double exponential decay model (Table   1 ) and the average lifetime was calculated. The quenching efficiency was obtained using Q = 1-τ/τ0, where τ was the average lifetime in the presence of GO, [42] and τ0 = 4.05 ns, the lifetime in the absence of GO. The quenching efficiency obtained from lifetime was plotted in Figure 3B (squares), and as expected, it decreased with increasing DNA length. For Submitted to comparison, the total quenching is also presented in the same figure (dots, re-plotted from Figure 2D ). Therefore, for all of the DNAs, the main quenching mechanism was dynamic quenching, since the static quenching component was the difference between these two, which was less than 10% for most of the samples. This experiment suggested that most of the FAMs were not closely adsorbed after forming the dsDNA.
The fact that fluorescence lifetime did not follow a single exponential decay indicated the presence of different quenching environments, which could be related to the presence of multi-layered GO, the different orientations of the DNA on GO, or DNA dynamics. The orientation of DNA on graphene has been studied by computer modeling and it was found that dsDNA can either sit vertically on the surface via -stacking or horizontally with the end base pairs open to interact with the surface. [46] These adsorbed DNA were stable for at least several tens of ns (the maximal time used for the simulation), which was much longer compared to the excited lifetime of FAM. Therefore, the dynamics of DNA was unlikely to be the reason for the observed multi-exponential lifetime decay.
If we consider the presence of stably-adsorbed DNA with both vertical and horizontal alignments, the vertical DNA should show a length-dependent lifetime change; while horizontal ones should be drastically quenched independently from its length since the FAMto-GO distance should be equal to or shorter than the DNA diameter of just 2 nm. If we take the characteristic distance to be 7.5 nm (vide infra), FAM from horizontal DNA should show a lifetime of shorter than 0.02 ns, which is below the detection limit of our instrument, and can be considered to be effectively static quenching. As a result, we need only to consider the vertically-aligned DNA for the purpose of assigning fluorescence lifetime. In addition, the population of horizontally-aligned DNA must be quite low due to the electrostatic repulsion between the DNA backbone and GO surface (note that the simulation work was performed Submitted to -9 -using graphene instead of GO) [46] and the vertical alignment should be electrostatically favored. This hypothesis was supported by the fact that very little static quenching was observed for all the samples. Therefore, DNA orientation cannot explain the non-single exponential lifetime decay either and we propose that the presence of multi-layered GO sheets to be the main reason. and A2 are the respective percentage for lifetime τ1 and τ2. The average τ is calculated using the equation τ = (A1 τ 1 +A2 τ 2)/(A1 +A2). The numbers in boldface were considered to be from single-layered GO and were used for data fitting in Figure 3C . The lifetime fitting using a double exponential model is presented in Table 1 . The 4 bp sample was not included since its overall quantum yield was close to zero and its lifetime cannot be accurately measured. Therefore, for these three samples, the short lifetime components were mainly from the singlelayered GO. We also obtained a minor population (< 10%) with long lifetime (e.g. close to the free FAM lifetime of 4 ns), suggesting the presence of large GO domains or sheets that were poor quenchers, possibly due to a high level of oxidation. The area of such sheets should be < 10% of the total GO surface area.
To further understand quenching, we performed fluorescence lifetime imaging microscopy (FLIM) experiments (see Supporting Information). Figure S3A shows the spatial Table 1 . A number of long lifetime regions were also observed on these GO sheets. Therefore, it should be appropriate to fit these short DNAs into a double exponential decay model.
For the longer DNAs (36-70 bp), the long lifetime population reached 40-45% with lifetime progressively approaching 4 ns. Since only less than 10% can be attributed to the highly oxidized surface, the remaining >30% must be due to the increased FAM-to-GO distance. These DNA chains had a vertical FAM-to-GO distance greater than 12.2 nm (i.e. for the 36 bp sample). Assuming d0 = 7.5 nm, a 12.2 nm separation should give a lifetime of ~3.4
ns, which is close to the 3.1 ns obtained from fitting. Therefore, we assigned these long lifetime component to the vertically-aligned DNA on single-layered GO. The only sample left was the 24-bp chain with a vertical FAM-to-GO distance of 8.2 nm. According to the fitting, it has 78% of 0.98 ns and 22% of 2.59 ns. Since 22% is also significantly more than 10%, we consider that the 2.59 ns population to be vertically aligned on single-layered GO. This length was close to the critical distance and a large variation in quenching efficiency was expected with small distance changes, which may contribute to the large error bar size for this sample.
Based on the above discussion, we plotted the quenching efficiency of single-layered GO as a function of distance and fit the data using Figure 3C ). The characteristic distance d0 was calculated to be 7.5 ± 0.6 nm, which agreed well with the estimated ~6.8 nm from other experiments. [44] It was reported that d0 for the FAM/gold nanoparticle pair was 7.6 nm, which also followed the d -4 dependency, [37, 38, 40] although the mechanism of quenching by metallic gold is inherently different from quenching by the planar carbon π system.
For the long DNA samples, about half of the population showed a lifetime of ~0.8-1 ns, which corresponded to a FAM-to-GO distance of ~5.5 nm on single-layered GO. This Information, Figure S3C ), where domains of a few μm with different lifetimes were observed.
These domain sizes agreed with the size of individual GO sheets and therefore its lifetime distribution was likely to be due to the different quenching ability of different sheets, suggesting the effect of multilayered GO. It is known that quenching is significantly enhanced with increasing number of GO layers. [44] GO preparation using chemical exfoliation generates not only single but also multiple layers, [47, 48] which were observed in the TEM micrographs in Figure 1C . For the long DNAs, fitting with a double exponential model can be justified only when the quenching by all of the multi-layered GO was significantly higher than that by the single-layered. However, the limited information content from the lifetime experiment did not allow us to consider all the different layered samples, which could be one of the error sources for the characteristic energy transfer distance measurement in Figure 3C .
In summary, we identified three DNA populations on GO surface. Those immobilized on highly oxidized domains should count for no more than 10% of the DNA. The immobilized FAM on these dsDNA was barely quenched to show a lifetime of ~4 ns. The second population was on the normal single-layered GO sheets and this population should be close to 40% in our samples. Finally, there were also DNAs on multi-layered GO sheets. For these samples, the range of quenching was much longer. During our sample preparation, six centrifugation steps were carried out before the lifetime measurement. This was likely to decrease single-layered GO and accumulate high density multi-layers, contributing to their abundance in the lifetime experiment. All the major fluorescence signaling techniques have been tested in this work on Submitted to -13 -these covalently immobilized DNA probes and this study supports the use of such probes for analytical and biomedical applications.
Experimental Section
Chemicals: All DNA samples were purchased from Integrated DNA Technologies (Coralville, IA). The FAM and amino labeled DNA sequences and modifications are listed in Figure 1D . hydrochloride (EDC) was purchased from Sigma-Aldrich. DNase I was purchased from VWR. GO was prepared as described previously and supplied by our collaborator. [16] Covalent attaching DNA to GO: The conjugation reaction was carried out in a glass vial with a final volume of 500 μL containing 100 μg/mL GO, 2 μM amino-modified DNA, 10 mM EDC (freshly prepared), 25 mM NaCl and 25 mM MES, pH 6.0. The reaction was allowed for 3 hr at room temperature under magnetic stirring. The GO/DNA conjugates were purified by centrifugation at 15000 rpm for 20 min followed by removal of the supernatant. The GO/DNA conjugates were then washed with 500 μL of water twice to further remove nonassociated DNAs. Finally, the conjugates were dispersed in buffer A (25 mM HEPES, pH 7.6, 100 mM NaCl) with a final GO concentration of 100 μg/mL and stored at 4 °C before use.
Forming dsDNA on GO. To form dsDNA on GO, 4 μM the cDNAs were respectively added to the above-prepared GO samples. After overnight incubation, the samples were centrifuged at 15000 rpm for 20 min and the supernatant was carefully removed. Another 4 μM cDNA was added and this process was repeated three times to ensure that all the physisorbed DNAs were removed and only covalently attached dsDNAs were left on the surface. To release FAM Submitted to -14 -from DNA on the GO surface, 25 U of DNase I was added to each of the 50 μL GO sample (in 40 mM Tris HCl, pH 8.0, 10 mM CaCl2, and 5 mM MgCl2). The samples were then incubated at 35 °C for 15 min and then at room temperature for 1 hr.
Steady-state fluorescence spectra. Steady state fluorescence spectra were collected using a
Varian Eclipse spectrofluorometer. The excitation wavelength was set at 485 nm and the emission spectra from 500 to 600 nm were collected. The GO concentration in the cuvette was 20 μg/mL.
Fluorescence anisotropy. All eight DNA samples were analyzed using fluorescence anisotropy. The experiment was carried out on a Molecular Device M5 fluorescence microplate reader. For measurements without GO, each well contained 100 nM of the free ssDNA or dsDNA. For immobilized dsDNA, a GO concentration of 20 μg/mL GO was used and the buffer contained 150 mM NaCl, 25 mM HEPES, and 1mM MgCl2. The excitation wavelength was set to be 485 nm and emission at 520 nm was monitored. A g-factor of 1.095 was used for all the samples.
Fluorescence lifetime spectroscopy. 400 μL of 20 μg/mL GO sample were loaded into a quartz micro-cuvette for lifetime measurement. Fluorescence lifetime was collected using PicoQuant FluoTime 100 spectrofluorometer. The laser light source at 470 nm was used for the excitation. A 520 nm band pass filter was applied on the emission side. The data were fitted to a double exponential decay.
Fluorescence microscopy. The GO samples were observed using Leica DMI 3000B inverted microscope with a Hamamatsu ORCA-R 2 camera system. The GO samples were concentrated to ~200 μg/mL with 2 μL being spotted on a glass slide. The samples were imaged after putting on a cover slip. The cube for green fluorescence imaging was used. The fluorescence microscopy images were taken under the 40× objective with an exposure time of 10 sec.
Submitted to -15 -Fluorescence lifetime imaging. The fluorescence lifetime images were captured using Leica DM 6000B microscope with Leica TCS SP5 system using the 63× (glycerol) objective. The excitation source was a multiphoton IR laser.
TEM. The TEM micrographs were acquired on a Philips CM10 transmission electron microscope. The GO samples (0.2 mg/mL) were dropped on a holey carbon TEM grid for imaging.
